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1. Introduction {#jgrb51313-sec-0001}
===============

The May 2008 *M~w~* 7.9 Wenchuan earthquake (WE) occurred on the central segment of the Longmen Shan Fault (LSF) in western China \[*Zhang et al*., [2010](#jgrb51313-bib-0052){ref-type="ref"}, and references therein\]. The LSF is a reverse fault separating the Tibetan plateau from the Sichuan basin, with a fault slip rate of 1--3 mm/yr \[*Zhang et al.*, [2004](#jgrb51313-bib-0051){ref-type="ref"}; *Shen et al*., [2005](#jgrb51313-bib-0039){ref-type="ref"}; *Densmore et al*., [2007](#jgrb51313-bib-0011){ref-type="ref"}\]. The earthquake initiated at about 14--19 km depth, propagated upward and mostly northeastward, producing a surface rupture of about 240 km long. The quake started with predominantly thrust motion on a modest dipping fault and changed into predominantly dextral slip on a steep dipping fault as the rupture propagated northeastward \[e.g., *Shen et al*., [2009](#jgrb51313-bib-0040){ref-type="ref"}; *Fielding et al*., [2013](#jgrb51313-bib-0013){ref-type="ref"}\]. This earthquake caused more than 90,000 casualties and became the most devastating natural disaster in China since the 1976 *M~w~* 7.8 Tangshan earthquake.

Following the WE, it has been debated whether the quake was triggered by the impoundment of the nearby Zipingpu reservoir (ZR). The initial impoundment of the reservoir began in September 2005. By December 2005, the water level rose from an elevation of 760 m to 820 m and then reached a maximum elevation of 875 m in October 2006. For the following 2.5 years the water level remained elevated with a minimum of 817 m \[*Lei*, [2010](#jgrb51313-bib-0033){ref-type="ref"}\]. In May 2008, 2.7 years after the impoundment of the ZR, the WE occurred on the Longmen Shan Fault (LSF). The epicenter of the WE is only about 12 km away from the ZR (Figure [1](#jgrb51313-fig-0001){ref-type="fig"}, <http://data.earthquake.cn/datashare/datashare_dzsb_query_new.jsp>), the close proximity of the WE and impoundment of the ZR in both space and time prompts a hypothesis that the impoundment of the ZR triggered the WE. This hypothesis has been tested in studies presenting sometimes contrasting results \[*Klose*, [2008](#jgrb51313-bib-0030){ref-type="ref"}, [2012](#jgrb51313-bib-0031){ref-type="ref"}; *Lei et al*., [2008](#jgrb51313-bib-0034){ref-type="ref"}; *Ge et al*., [2009](#jgrb51313-bib-0015){ref-type="ref"}; *Kerr and Stone*, [2009](#jgrb51313-bib-0028){ref-type="ref"}; *Deng et al*., [2010](#jgrb51313-bib-0010){ref-type="ref"}; *Gahalaut and Gahalaut*, [2010](#jgrb51313-bib-0014){ref-type="ref"}; *Lei*, [2010](#jgrb51313-bib-0033){ref-type="ref"}\].

![Tectonic setting of the ZR and WE. The lower inset map denotes the mapped region in China. The beach ball shows the U.S. Geological Survey (USGS) focal mechanism solution. The red dots show *M* \> 1.0 earthquakes near the ZR between September 2004 and April 2008. The Zipingpu, Chengdu, and Sichuan seismic networks used to relocate the earthquakes are shown as green, light blue, and blue triangles, respectively. Red lines indicate surface traces of WE coseismic rupture. The main shock epicentral locations from the USGS, China Earthquake Administration (CEA), *Chen et al*. \[[2009](#jgrb51313-bib-0005){ref-type="ref"}\], and *Yang et al*. \[[2012](#jgrb51313-bib-0050){ref-type="ref"}\] are indicated by light blue, green, yellow, and orange stars, respectively. The blue irregular‐shaped area in the upper inset map denotes the ZR.](JGRB-120-7033-g001){#jgrb51313-fig-0001}

After the WE, *Lei et al*. \[[2008](#jgrb51313-bib-0034){ref-type="ref"}\] and *Lei* \[[2010](#jgrb51313-bib-0033){ref-type="ref"}\] evaluated the changes of Coulomb failure stress (ΔCFS) induced by elastic and uncoupled poroelastic responses and assessed their role in manifesting local seismicity and potential impact on the WE. According to their results, ΔCFS on the LSF was increased by more than 0.1 MPa within 10 km beneath the reservoir and reached a few tens of kPa at the depth of 14 km. Such levels of ΔCFS are large enough to modulate a continuous secular stress buildup of a couple of hundreds of Pa/yr in the Longmen Shan thrust zone. *Klose* \[[2008](#jgrb51313-bib-0030){ref-type="ref"}, [2012](#jgrb51313-bib-0031){ref-type="ref"}\] also calculated the ΔCFS on the Beichuan fault induced by the impoundment of the Zipingpu reservoir. Using a rate and state‐dependent fault friction model, he estimated up to 60 years of advancement for the WE \[*Klose*, [2012](#jgrb51313-bib-0031){ref-type="ref"}\]. Another study by *Ge et al*. \[[2009](#jgrb51313-bib-0015){ref-type="ref"}\] using an uncoupled poroelastic model concluded that the impoundment could have changed the Coulomb failure stress by up to 0.05 MPa at the reported hypocenters. They suggested that the impoundment of the ZR hastened the occurrence of the WE by tens to hundreds of years. Alternatively, *Deng et al*. \[[2010](#jgrb51313-bib-0010){ref-type="ref"}\] and *Gahalaut and Gahalaut* \[[2010](#jgrb51313-bib-0014){ref-type="ref"}\], using fluid flow models, estimated that the ΔCFS prior to the WE at the hypocenter on the fault was only on the order of 10^−2^ KPa and −0.2 to −0.5 KPa, respectively, and concluded that such changes are not large enough, or even negative, to have a triggering effect of the WE.

The idea that impoundments of some large reservoirs may have triggered earthquakes has been studied for decades \[*Hagiwara and Ohtake*, [1972](#jgrb51313-bib-0020){ref-type="ref"}; *Gupta and Chadha*, [1995](#jgrb51313-bib-0019){ref-type="ref"}; *Talwani*, [1997](#jgrb51313-bib-0044){ref-type="ref"}; *Guha*, [2000](#jgrb51313-bib-0017){ref-type="ref"}\]. The effect of reservoir loading on the existing stress field is a convenient mechanism to account for local earthquakes in the wake of reservoir impoundment. However, a time delay was often observed; i.e., higher seismicity pattern would not appear until several years after the initial impoundment, suggesting mechanism(s) other than the initial elastic response to reservoir loading \[*Talwani and Acree*, [1984](#jgrb51313-bib-0043){ref-type="ref"}; *Talwani*, [1997](#jgrb51313-bib-0044){ref-type="ref"}\]. *Roeloffs* \[[1988](#jgrb51313-bib-0038){ref-type="ref"}\] evaluated stress and pore pressure changes in a uniform poroelastic half‐space model produced by reservoir loading. *Kusalara and Talwani* \[[1992](#jgrb51313-bib-0032){ref-type="ref"}\] calculated stress changes resulted from both elastic response and changes in pore pressure due to reservoir impoundment. They found that the elastic response may either stabilize or destabilize the reservoir environment, depending on the nature of preexisting stress field and the relative geometry of the reservoir to the fault and the faulting mechanism. However, the increase in pore pressure along a given fault always leads to weakening, facilitating the onset of seismicity \[*Kusalara and Talwani*, [1992](#jgrb51313-bib-0032){ref-type="ref"}\]. Therefore, it is the pore pressure diffusion that is principally responsible for reservoir‐induced seismicity \[*Talwani*, [1997](#jgrb51313-bib-0044){ref-type="ref"}\].

Mechanical coupling between the stresses of the rock matrix and the fluid pressure in the pore spaces (pore pressure) plays an important role in manifesting the stress field in saturated porous media. However, previous studies treated the stress and pore pressure fields induced by the impoundment of the ZR as either uncoupled or decoupled. An uncoupled problem is one in which the elastic stresses and pore pressure are independent of each other. A decoupled problem is one in which the elastic stresses influence pore pressure but not vice versa \[*Roeloffs*, [1988](#jgrb51313-bib-0038){ref-type="ref"}; *Kalpna and Chander*, [2000](#jgrb51313-bib-0027){ref-type="ref"}\]. If the fluid flow problem was solved independent of the stress field, the solution would be a mathematically simpler scalar field of pore pressure. The level of mathematical difficulty in solutions increases vastly from uncoupled to coupled problems, for which the latter includes a scalar pore pressure field that is coupled to a vector field of displacement. In this paper we study the possible relationship between the ZR and the WE using fully coupled poroelastic models.

Earthquakes can be triggered by transient stress changes, either tectonically or nontectonically. It is, however, a challenge to establish the causal relationship between a transient signal and earthquake occurrence. Multiple techniques have been developed in recent years for the task, using statistical or mechanical tools based on seismicity and/or other data (e.g., see *Cesca et al*. \[[2013](#jgrb51313-bib-0004){ref-type="ref"}\] and *Dahm et al*. \[[2013](#jgrb51313-bib-0009){ref-type="ref"}\] for summary). A temporal delay during the process could be the result of viscoelastic deformation in the media, and/or rate and state‐dependent friction on fault \[e.g., *Hainzl et al*., [2010](#jgrb51313-bib-0021){ref-type="ref"}\]. Employing such a model to analyze ZR impoundment and seismicity data observed before the WE, *Klose* \[[2012](#jgrb51313-bib-0031){ref-type="ref"}\] reported a positive correlation between reservoir impoundment and seismicity during some time periods since impoundment and *Lei* \[[2010](#jgrb51313-bib-0033){ref-type="ref"}\] found three clusters of microseismic events occurred in areas with impoundment induced ΔCFS increased by \> 0.01 MPa.

2. Method and Model {#jgrb51313-sec-0002}
===================

2.1. Coulomb Failure Stress Change {#jgrb51313-sec-0003}
----------------------------------

Coulomb failure criterion is a widely used criterion to characterize the change in tendency for frictional slip along a preexisting incipient fault plane \[e.g., *King et al*., [1994](#jgrb51313-bib-0029){ref-type="ref"}; *Cocco and Rice*, [2002](#jgrb51313-bib-0006){ref-type="ref"}\]. The change in Coulomb failure stress is defined as $$\Delta CFS = \sigma_{s} + \mu\left( {\sigma_{n} + P} \right)$$where *σ~s~* is the incremental change in shear stress (in favor of the slip direction‐positive); *σ~n~* is the incremental change in fault‐normal stress (extension‐positive); *P* is the incremental change in pore pressure; and *μ* is the coefficient of friction, which ranges between 0.6 and 0.85 for most rocks \[*Byerlee*, [1978](#jgrb51313-bib-0002){ref-type="ref"}, [1992](#jgrb51313-bib-0003){ref-type="ref"}; *Harris*, [1998](#jgrb51313-bib-0022){ref-type="ref"}\]. We use the median value *μ* = 0.7 in this study. A positive change in ΔCFS promotes failure and negative change increases stability of the fault.

The second term on the right side of equation [(1)](#jgrb51313-disp-0001){ref-type="disp-formula"} that is scaled by the friction coefficient is the incremental change in effective normal stress (*σ* ~effn~). In this paper we calculate the pore pressure, shear stress, and normal stress and evaluate the ΔCFS by studying the change of shear stress and effective normal stress. The increase of either shear stress or effective normal stress inducts the increase of the ΔCFS.

In a study about whether the 1992 Landers earthquake changed the proximity to failure on the San Andreas fault system, *King et al*. \[[1994](#jgrb51313-bib-0029){ref-type="ref"}\] estimated that a ΔCFS increase in the range of 100--600 kPa could trigger or hasten the next great earthquake there by about a decade. *Stein* \[[1999](#jgrb51313-bib-0042){ref-type="ref"}\] came to a conclusion that a small, sudden stress increase by \~10 kPa on a fault could cause 20--25% increase of shocks, which is statistically significant. *Cochran et al*. \[[2004](#jgrb51313-bib-0007){ref-type="ref"}\] studied the correlation between the occurrence of shallow thrust earthquakes and that of the strongest tides and found significant increase in triggering of globally distributed large events ( *M* \> 5.5) by solid Earth tide stresses, with associated ΔCFS increases of up to 5 kPa. It is therefore important to evaluate not only the sign change but also the magnitude of ΔCFS for assessing its possible triggering effect.

2.2. Fully Coupled Poroelastic Theory {#jgrb51313-sec-0004}
-------------------------------------

We employ fully coupled poroelastic analysis. The governing equations for a three‐dimensional media are $$G\nabla^{2}u_{x} + \frac{G}{1 - 2\nu}\left( {\frac{\partial^{2}u_{x}}{\partial x^{2}} + \frac{\partial^{2}u_{y}}{\partial x\partial y} + \frac{\partial^{2}u_{z}}{\partial x\partial z}} \right) = \alpha\frac{\partial P}{\partial x} - F_{x}$$ $$G\nabla^{2}u_{y} + \frac{G}{1 - 2\nu}\left( {\frac{\partial^{2}u_{x}}{\partial x\partial y} + \frac{\partial^{2}u_{y}}{\partial y^{2}} + \frac{\partial^{2}u_{z}}{\partial y\partial z}} \right) = \alpha\frac{\partial P}{\partial y} - F_{y}$$ $$G\nabla^{2}u_{z} + \frac{G}{1 - 2\nu}\left( {\frac{\partial^{2}u_{x}}{\partial x\partial z} + \frac{\partial^{2}u_{y}}{\partial y\partial z} + \frac{\partial^{2}u_{z}}{\partial z^{2}}} \right) = \alpha\frac{\partial P}{\partial z} - F_{z}$$ $$\frac{k}{\mu}\nabla^{2}P + S_{\varepsilon}\frac{\partial P}{\partial t} = \alpha\frac{\partial\varepsilon_{kk}}{\partial t} + Q$$where *u* is displacement, *G* the shear modulus, *ν* the Poisson\'s ratio, *F* a vector body force per unit volume, *k* the permeability, *μ* the fluid viscosity, *S~ε~* the constrained specific storage coefficient, *ε~kk~* the volumetric strain, *α* the Biot‐Willis coefficient, *Q* the fluid source, and *t* the time \[*Wang*, [2000](#jgrb51313-bib-0046){ref-type="ref"}\]. The first three equations [(2)](#jgrb51313-disp-0002){ref-type="disp-formula"}, [(3)](#jgrb51313-disp-0003){ref-type="disp-formula"}, [(4)](#jgrb51313-disp-0004){ref-type="disp-formula"} are achieved by substituting the constitutive elastic relationships and strain‐displacement definitions into the force balance equations. The fourth equation [(5)](#jgrb51313-disp-0005){ref-type="disp-formula"} is derived using the principles of fluid continuity and Darcy\'s law \[*Wang*, [2000](#jgrb51313-bib-0046){ref-type="ref"}\]. Notice that the pore pressure terms in [(2)](#jgrb51313-disp-0002){ref-type="disp-formula"}, [(3)](#jgrb51313-disp-0003){ref-type="disp-formula"}, [(4)](#jgrb51313-disp-0004){ref-type="disp-formula"} and volumetric strain term in (5) couple the pore pressure and stress fields.

2.3. Three‐Dimensional Finite Element Model {#jgrb51313-sec-0005}
-------------------------------------------

The geometry of the model domain is simplified from the regional geologic configuration near the ZR and the LSF. One of the horizontal coordinate axes (*y* axis) has a strike of N42° ± 5°E (Figure [1](#jgrb51313-fig-0001){ref-type="fig"}) following the field survey of the WE surface offset \[*Xu et al*., [2009](#jgrb51313-bib-0049){ref-type="ref"}\], and the vertical (*z*) axis of the domain is upward positive, with respect to the Earth surface. The other horizontal coordinate (*x*) axis is orthogonal to the strike of the surface offsets of the LSF. The model domain simulates a surface area of 300 km × 250 km and a thickness of 100 km and is meshed into 464,580 first‐order hexahedron elements (Figure [2](#jgrb51313-fig-0002){ref-type="fig"}). The characteristic element lengths are 100 m near the simulated fault and the reservoir, and 10,000 m at far‐field boundaries. This three‐dimensional domain is partitioned into mantle and crust regions. We assume that the crust region in the model is represented by a poroelastic material having a permeability that decreases as a function of depth. As shown in Figure [1](#jgrb51313-fig-0001){ref-type="fig"}, the surface shape of the reservoir in field is an approximate oval with a 5 km major axis parallel to and a 2 km minor axis normal to the WE surface rupture. From the loading history, the average water head was \~100 m \[*Lei et al*., [2008](#jgrb51313-bib-0034){ref-type="ref"}; *Ge et al.*, [2009](#jgrb51313-bib-0015){ref-type="ref"}\]. Therefore, the reservoir is simplified as a half triaxial ellipsoid with the horizontal axes of 5 km and 2 km and the vertical semiaxis of 100 m embedded in the model surface.

![Finite element method (FEM) model configuration. (a) The 3‐D domain is partitioned into mantle and crust regions. The crust is further partitioned to five layers. Corresponding material properties are listed in Table [1](#jgrb51313-tbl-0001){ref-type="table-wrap"}. (b) FEM model mesh contains 481,989 nodes and 464,580 elements. (c) Blow‐up view of the FEM model mesh near reservoir. Yellow ellipse indicates the location of the ZR load.](JGRB-120-7033-g002){#jgrb51313-fig-0002}

###### 

Material Properties

                                                                         Depth Range (km)   Poisson\'s Ratio   Young\'s Modulus (Pa)   Hydraulic Conductivity (m/s)   Bulk Modulus of Granite (Pa)   Bulk Modulus of Water (Pa)  
  --------------------------------------------------------------------- ------------------ ------------------ ----------------------- ------------------------------ ------------------------------ ---------------------------- -------
  Crust_1 (Westerly granite)[a](#jgrb51313-note-0001){ref-type="fn"}           0--5               0--5                 0.25                      3.75e10                         1.0e−8                        4.2e10             2.2e9
  Crust_2 (Westerly granite)[a](#jgrb51313-note-0001){ref-type="fn"}          5--10              5--10                 0.25                      3.75e10                        3.16e−10                       4.2e10             2.2e9
  Crust1_3 (Westerly granite)[a](#jgrb51313-note-0001){ref-type="fn"}         10--15             10--15                0.25                      3.75e10                        3.6e−11                        4.2e10             2.2e9
  Crust_4 (Westerly granite)[a](#jgrb51313-note-0001){ref-type="fn"}          15--20             15--20                0.25                      3.75e10                        1.0e−11                        4.2e10             2.2e9
  Crust_5 (Westerly granite)[a](#jgrb51313-note-0001){ref-type="fn"}          20--65             20--43                0.25                      3.75e10                        2.5e−12                        4.2e10             2.2e9
  Mantle (Dunit)[b](#jgrb51313-note-0002){ref-type="fn"}                     65--100            43--100                0.36                       1.4e11                                                                         

Reference by *Wang* \[[2000](#jgrb51313-bib-0046){ref-type="ref"}\].

Reference by *Turcotte and Schubert* \[[2002](#jgrb51313-bib-0045){ref-type="ref"}\].

Permeability is an intrinsic property of the rock. *Ingebritsen and Manning* \[[1999](#jgrb51313-bib-0024){ref-type="ref"}, [2010](#jgrb51313-bib-0025){ref-type="ref"}\] estimated the permeability variation with depth in continental crust based on hydrothermal modeling and progress of metamorphic reactions driven by fluid flow. They combined geothermal and metamorphic data and determined that the mean permeability (*k*) of tectonically active continental crust decreases with depth following log *k* ≈ −14 -- 3.2 log (−*z*), where *k* is in square meters, *z* is the depth in kilometers and upward positive. Field permeability measurements and lab experiments at high pressure and temperature by *Shmonov et al*. \[[2003](#jgrb51313-bib-0041){ref-type="ref"}\] yield a similar relation, log *k* ≈ −12.56 -- 3.225(−*z*)^0.223^, again with *k* in square meters and *z* in kilometers upward positive, respectively. These studies suggest that the permeability decreases much faster with depth in the upper crust than in the lower crust. We use a depth‐dependent permeability structure according to the above studies. This permeability is recast into a corresponding hydraulic conductivity (*K*) structure for convenience: $$K = \frac{\rho g}{\mu}k$$where *ρ* is the fluid density and *g* the gravitational acceleration \[*Wang*, [2000](#jgrb51313-bib-0046){ref-type="ref"}\]. Assuming that the viscosity of water *μ* is 10^−3^ Pa s, the density of water is 1000 kg/m^3^, and acceleration of gravity is 10 m/s^2^, the hydraulic conductivity is proportional to permeability by a factor of 10^7^. Considering that the permeability in thick crust may vary by a few orders of magnitude, variation of viscosity of water with depth could be ignored in this study.

We use Abaqus software version 6.9‐EF ([www.simulia.com](http://www.simulia.com)) to simulate this model configuration. The poroelastic properties of Westerly Granite \[*Wang*, [2000](#jgrb51313-bib-0046){ref-type="ref"}\] are used to represent the poroelastic crust. The mantle is treated as simple elastic material. We ignore viscoelastic relaxation in the mantle, because (1) the viscoelastic response to the relatively slow tectonic convergence is insignificant during the relatively short duration separating the impoundment of the ZR and WE, and (2) the magnitude and small spatial footprint of the ZR load introduces negligible differential stresses in the mantle. We use elastic properties of dunite to represent the mantle \[*Turcotte and Schubert*, [2002](#jgrb51313-bib-0045){ref-type="ref"}\]. To be clear, we assume that the mechanical properties from these representative rocks are valid for our model domain, rather than imply that these specific rocks are found in the actual region of the study site. The material properties of the poroelastic crust and elastic mantle are summarized in Table [1](#jgrb51313-tbl-0001){ref-type="table-wrap"}.

The poroelastic modeling requires both displacement and fluid boundary conditions. The surface of the poroelastic region is stress‐free with zero hydrostatic pressure beyond the reservoir region. The nodes corresponding to the boundaries of ZR are loaded with pressure of *P* = *ρgz* at the base of the reservoir, corresponding to the semiellipsoidal depth distribution of the ZR, that culminates to a maximum pressure at *z* = −100 m. The lateral boundaries are sufficiently far from the region of interest such that zero displacement and pore pressure are assumed there. The base of the poroelastic crust is simulated as zero flux. The initial conditions are assumed equilibrium stress and pore pressure.

The first modeling time step simulates the relatively instantaneous response to the impoundment of the ZR. The result of the first loading step serves as the initial conditions for the following modeling step, which also preserves these boundary and loading conditions and simulates the transient response of the system during the two‐and‐a‐half‐year interval separating the impoundment of the ZR (the first modeling step) and the initiation of the WE.

3. Results {#jgrb51313-sec-0006}
==========

3.1. Evolution of Pore Pressure {#jgrb51313-sec-0007}
-------------------------------

The model simulates the impoundment of the ZR as an instantaneous surface load that produces an undrained response that is localized to the region immediately beneath the ZR (Figure [3](#jgrb51313-fig-0003){ref-type="fig"}). Following the initial loading, pore fluids flow in response to the initial pore pressure field induced by the impoundment of the ZR. This transient postimpoundment interval is characterized by the convergence of the excess pore pressure field to steady state conditions constrained by the far‐field boundary conditions and the pore pressure load of the reservoir. The constant and positive pore pressure boundary condition of the reservoir since the impoundment produces a positive pore pressure front that propagates outward from the reservoir and reaches the shallow part of the LSF first. In a few years, the pore pressure front propagates slowly through the crust and intersects the hypocentral region of the LSF (Figure [3](#jgrb51313-fig-0003){ref-type="fig"}). The timing of intersection of the pore pressure front with the LSF is controlled by the transient pore pressure field, depth‐dependent hydraulic conductivity, and relative geometry of the listric LSF to the reservoir.

![Spatial evolution of pore pressure after impoundment of ZR. The pink curve denotes the LSF. The right cross section cuts through the ZR, and the left cross section cuts through the USGS WE hypocenter location, respectively.](JGRB-120-7033-g003){#jgrb51313-fig-0003}

The hypocenter location of the WE was determined using various seismic data sets. Early results were from the USGS (<http://earthquake.usgs.gov/earthquakes/eqinthenews/2008/us2008ryan/>) using teleseismic data and from CEA (<http://data.earthquake.cn/datashare/datashare_dzsb_query_new.jsp>) using regional seismic data, respectively. Later studies by *Hu et al*. \[[2008](#jgrb51313-bib-0023){ref-type="ref"}\], *Chen et al*. \[[2009](#jgrb51313-bib-0005){ref-type="ref"}\], *Cui et al*. \[[2011](#jgrb51313-bib-0008){ref-type="ref"}\], and *Yang et al*. \[[2012](#jgrb51313-bib-0050){ref-type="ref"}\] estimated the hypocenter location and/or the focal mechanism using different regional seismic data sets, respectively (Table [2](#jgrb51313-tbl-0002){ref-type="table-wrap"}). We illustrate in Figure [4](#jgrb51313-fig-0004){ref-type="fig"} the evolution of predicted pore pressure changes at four hypocentral regions located by CEA, USGS, *Chen et al*. \[[2009](#jgrb51313-bib-0005){ref-type="ref"}\], and *Yang et al*. \[[2012](#jgrb51313-bib-0050){ref-type="ref"}\], and positions underneath the reservoir at the depths of 15 and 19 km. Among the four results the USGS study was determined using teleseismic body wave data and the rest by regional first arrival data, respectively. Generally speaking, the regional seismic data can provide better constraints for hypocenter location and earthquake mechanism solution. The results derived from the regional seismic data, however, are quite scattered (Figure [1](#jgrb51313-fig-0001){ref-type="fig"} and Table [2](#jgrb51313-tbl-0002){ref-type="table-wrap"}), possibly caused by errors in seismic velocity structure of a highly heterogeneous crust surrounding the LSF. We therefore evaluate the pore pressure change and the ΔCFS at a wide range of scenario, taking into account possible ranges of the WE hypocenter source parameters such as the depth, location, and fault dip.

###### 

The Fault Plane and Source Parameters of WE Given by Focal Mechanism Solutions

  Source                                                           Latitude (°N)   Longitude (°E)   Depth (km)   Strike (°)   Dip (°)   Rake (°)
  --------------------------------------------------------------- --------------- ---------------- ------------ ------------ --------- ----------
  *Yang et al*. \[[2012](#jgrb51313-bib-0050){ref-type="ref"}\]       31.018          103.365          15.5          /           /         /
  *Chen et al*. \[[2009](#jgrb51313-bib-0005){ref-type="ref"}\]       30.9607         103.3523         18.8          /           /         /
  *USGS*                                                              30.986          103.364           19           /           /         /
  *CEA*                                                                31.0            103.4            14           /           /         /
  *Hu et al*. \[[2008](#jgrb51313-bib-0023){ref-type="ref"}\]          31.00           103.40           14          202         27         90
  *Cui et al*. \[[2011](#jgrb51313-bib-0008){ref-type="ref"}\]         30.99           103.48          12.9         190         28         77
  *Guo et al*. \[[2010](#jgrb51313-bib-0018){ref-type="ref"}\]           /               /              /           247         62        131

![Temporal evolution of pore pressure predicted by FEM model. The inset sketch shows locations of evaluation sites.](JGRB-120-7033-g004){#jgrb51313-fig-0004}

Our result shows that the pore pressure increases with time at all positions. The deeper in the crust and farther away from the reservoir, the slower the pore pressure increases, which is because of both the decrease of depth‐dependent hydraulic conductivity and the reduced pressure gradient away from the source. The initial pore pressure change in response to the impoundment of the ZR reaches about 7 and 4.5 kPa at the depths of 15 and 19 km underneath the reservoir, and about 3, 2, 2, and 2 kPa at the WE hypocenters reported by CEA, USGS, *Chen et al*. \[[2009](#jgrb51313-bib-0005){ref-type="ref"}\], and *Yang et al*. \[[2012](#jgrb51313-bib-0050){ref-type="ref"}\]. Before the WE, the pore pressure further increased by 41 and 24 kPa at the depths of 15 and 19 km beneath the ZR, and 11.5, 6.5, 7.5, and 4.0 kPa at the CEA, USGS, Chen et al., and Yang et al. reported hypocenters, respectively (Figure [4](#jgrb51313-fig-0004){ref-type="fig"}).

3.2. Evolution of ΔCFS {#jgrb51313-sec-0008}
----------------------

The fault geometry and dip angle impact the calculation of Coulomb failure stress. The geometry of the LSF is generally listric with high dip angles near the land surface \[*Burchfiel et al*., [2008](#jgrb51313-bib-0001){ref-type="ref"}\], but the details are complex and vary along the strike of fault \[*Jia et al*., [2010](#jgrb51313-bib-0026){ref-type="ref"}\]. Previous studies of the earthquake mechanism solution yielded the hypocenter at 14--19 km depth range with the fault dip estimated 27°--62° (Table [2](#jgrb51313-tbl-0002){ref-type="table-wrap"}), which are averaged to a mean depth of 15.7  km and fault dip of 39°. Constrained by the fault drilling result of the Wenchuan Fault Scientific Drilling project, the near‐surface fault dip angle is about 64° \[*Li et al*., [2013](#jgrb51313-bib-0035){ref-type="ref"}\]. Using the above data as model constraints, we devise a continuous function *f~z~* to describe the shape of the fault with depth: $$f_{z} = \frac{2a}{\pi}\arctan\left( \frac{x}{b} \right)$$where *f~z~* is the depth of the fault plane and *x* is the horizontal distance from the fault surface trace. The two parameters are resolved as *a* = 29.8 km and *b* = 9.2 km. This model, nevertheless, is only an approximation for the fault geometry, and fault models within a reasonable range of geometry parameters are also explored.

The modeled evolution of the pore pressure, shear stress, effective normal stress, and ΔCFS on the fault plane are presented in Figure [5](#jgrb51313-fig-0005){ref-type="fig"}. The result shows that the shear stress on the fault plane does not change much after the impoundment of ZR, because it is the gravity loading of ZR that impacts the main part of the shear stress change and is not very large. However, the effective normal stress increased significantly after the impoundment of ZR due to the increasing pore pressure. Initially, the effective normal stress is negative on the shallow part of the fault plane. After 2 months of impoundment, it has reversed to positive and then spread downward and outward on the fault plane. Therefore, the ΔCFS on the fault plane increases with time significantly, and its spreading pattern is similar to that of the effective normal stress. Initially, the ΔCFS is negative on the updip of the fault near the ZR and then reverses to positive and propagates downward and outward on the fault plane after a few months. Before the WE (2.7 years after), the ΔCFS is at its maximum of 365.2 kPa at 0 km depth on fault and decreases gradually downdip, reaching 69.1, 27.5, 17.8, 9.3, 4.7, and 0.6 kPa at the depths of 1, 2, 5, 8, 12, and 18 km, respectively (Figure [5](#jgrb51313-fig-0005){ref-type="fig"}).

![(a) Pore pressure, shear stress, normal stress, and ΔCFS distributions on fault plane of LSF. The stresses are plotted from −10.0 kPa to 10.0 kPa using the rainbow legend, and dark red and dark blue colors indicate the stresses off the positive or negative limit, respectively. The red star denotes the location of CEA reported hypocenter. The shadows on the fault plane (a, bottom row) indicate areas with \>2 m coseismic slip determined by *Wang et al*. \[[2011](#jgrb51313-bib-0047){ref-type="ref"}\]. (b, left) Coseismic slip distribution on the LSF by *Wang et al*. \[[2011](#jgrb51313-bib-0047){ref-type="ref"}\]. (b, right) Blow‐up view of slip at the Hongkou and Yingxiu asperities (area delineated by a green rectangle (b, left)), with the white shadow region denoting the area with \>10 kPa of pore pressure increase prior to the WE.](JGRB-120-7033-g005){#jgrb51313-fig-0005}

To demonstrate how the stress field in crust has been disturbed by the impoundment of the ZR, we plot the ΔCFS cross sections prior to the WE on *X‐Y* and *X‐Z* planes that cut through the LMS fault, and the ZR or the WE hypocenter location in Figure [6](#jgrb51313-fig-0006){ref-type="fig"}. For the regions off the fault, dip angles and senses of slip directions are assumed the same as that on the fault plane at the same depth for ΔCFS calculation. The cross‐section results indicate negative ΔCFS in a narrow area underneath the ZR within the depth of 4 km. With that exception, the ΔCFS increases more than 10 kPa within the depth of 10 km around the ZR. The ΔCFS in the crust deeper than 20 km is negative, due to elastic loading of the ZR and minimal pore pressure change. The ΔCFS between the depths of 10 and 20 km increases from 10 to 0 kPa. At the reported hypocenters, the ΔCFS increases about 2 kPa at the CEA and Yang et al. reported locations, and close to 0 at the USGS and Chen et al. reported locations. In the vicinity of the fault plane in the 5--15 km depth range, the ΔCFS increases about 20% 2 km east of the fault and decreases about 20% 2 km west of the fault, respectively, suggesting noticeable effect of fault geometry uncertainty to ΔCFS estimates.

![ΔCFS on cross sections in the crust. The ΔCFS is calculated assuming the same dip angle off the LSF as the dip angle on the LSF at equal depth. The stress is plotted from −8.3 kPa to 10.0 kPa using the rainbow legend. Red and purple colors indicate the stresses off the positive or negative limit, respectively. The blue, red, orange, and purple dots mark the WE hypocenter locations reported by CEA, USGS, Chen et al., and Yang et al., respectively.](JGRB-120-7033-g006){#jgrb51313-fig-0006}

Considering of the uncertainty of the rupturing plane geometry, we further examine effect of fault dip angle to the estimate of ΔCFS at the WE hypocenter before the quake (Figure [7](#jgrb51313-fig-0007){ref-type="fig"}). For the fault dip angle increasing from 10° to 70°, the ΔCFS changes from −2 kPa to over 8 kPa at the CEA reported WE hypocenter, from −4 kPa to 4 kPa at the USGS and Chen et al. reported hypocenters, and from −2 kPa to 4 kPa at the Yang et al. reported hypocenter, respectively. For the more likely dip angle range of 25° to 45°, the ΔCFS varies from −2.5 kPa to 4 kPa at the reported hypocenters, suggesting the ΔCFS to have either a moderate or no triggering effect.

![ΔCFS versus fault dip angle at reported WE hypocenters. The green, blue, light blue, and orange curves are ΔCFS at the CEA, USGS, Chen et al., and Yang et al. reported hypocenters. The inset sketch shows locations of the reported hypocenters marked as stars in model setting, whose colors correspond to the colors of the curves.](JGRB-120-7033-g007){#jgrb51313-fig-0007}

4. Discussions and Conclusions {#jgrb51313-sec-0009}
==============================

In this study we have addressed several important factors associated with the ΔCFS estimation around the LSF that were considered to some extent in previous studies, such as the following: (1) Larger diffusivity in crust would result in faster pore pressure front propagation and larger ΔCFS on fault \[*Lei et al*., [2008](#jgrb51313-bib-0034){ref-type="ref"}; *Lei*, [2010](#jgrb51313-bib-0033){ref-type="ref"}; *Ge et al*., [2009](#jgrb51313-bib-0015){ref-type="ref"}; *Gahalaut and Gahalaut*, [2010](#jgrb51313-bib-0014){ref-type="ref"}\]. (2) If the undrained response pressure was not considered, the final pore pressure would be underestimated, along with the estimate of ΔCFS \[*Ge*, [2011](#jgrb51313-bib-0016){ref-type="ref"}\]. (3) The ΔCFS estimate is affected significantly by the fault dip angle, and at the same hypocentral location, higher dip angle would result in greater ΔCFS \[*Zhou and Deng*, [2011](#jgrb51313-bib-0053){ref-type="ref"}\]. (4) In all the depth range studied, the pore pressure increase due to 2.7 years of diffusion after the impoundment of ZR is greater than the initial pore pressure jump due to the static loading of the reservoir (Figure [4](#jgrb51313-fig-0004){ref-type="fig"}) \[*Ge*, [2011](#jgrb51313-bib-0016){ref-type="ref"}\]. (5) A 2‐D model would overestimate the predicted ΔCFS due to 3‐D out‐of‐plane stress and pore pressure variations \[*Gahalaut and Gahalaut*, [2010](#jgrb51313-bib-0014){ref-type="ref"}\]. Because each of the previous studies chose the aforementioned model parameters somewhat differently, the results from these studies are inevitably somewhat different.

Some other parameterizations can also make significant differences. For example, in our study the shape of the reservoir is approximated as a half oval with the three semiaxes as 2.5 km, 1.0 km, and 0.1 km respectively, approximated from the reservoir geometry data. In contrast, *Ge et al*. \[[2009](#jgrb51313-bib-0015){ref-type="ref"}\] utilized a 2‐D model and assumed a rectangular cross section for the reservoir with 5 km × 0.1 km in size. Without accounting the 2‐D versus 3‐D model difference this disparity in loading source modeling would already cause a factor of 3 differences in undrained pore pressure estimation; and the drained pore pressure would also be significantly affected.

Another and perhaps even greater factor affecting the triggering effect of the ZR is the location and dip angle of the fault where the ΔCFS should be evaluated. If the initial triggering had to be on a fault which has the same dip angle as of the LSF that ruptured during the WE and is listric in shape, the ΔCFS distribution pattern would be similar to that of *Ge et al*. \[[2009](#jgrb51313-bib-0015){ref-type="ref"}\] and also of this study; i.e., positive ΔCFS in the hanging wall, and negative ΔCFS in parts of the footwall region, particularly where immediate underneath the ZR and more than 20 km in depth. Depending on the assumption of hypocentral location of the WE---on or off the fault and in the depth range, the ΔCFS estimate would vary greatly, or even change the sign (Figure [6](#jgrb51313-fig-0006){ref-type="fig"}). This is perhaps the primary reason why different models would produce so much different or even opposite model results and interpretations.

One factor which may also have a significant impact on the result are the physical properties of the fault zone, which can be highly heterogeneous. For example, laboratory experiments showed that the presence of fracture could make the crust rock sample 4--7 orders of magnitude more permeable than the host rock \[*Durham*, [1997](#jgrb51313-bib-0012){ref-type="ref"}; *Miller*, [2013](#jgrb51313-bib-0037){ref-type="ref"}\]. If a fault zone is composed of such fractured rocks, water could diffuse at much faster rates downward through the fault zone, and the result presented above would have to be altered appreciably. Key to the issue is the physical parameters of the fault zone: its permeability, width, and connectivity. Unfortunately, all the parameters are poorly known, particularly for fault zone materials down to midcrust depths. We, however, envision that the fault zone fracture might not have played a significant role in triggering the WE for two reasons. (a) The Minjiang River flows along a stretch of the LSF for about 10 km (Figure [1](#jgrb51313-fig-0001){ref-type="fig"}); if the diffusive effect on fault is significant, water should have saturated the fault zone underneath this stretch of the fault and beyond over geological time, contribution from the 2.7 years impoundment of the ZR would become relatively less important. (b) Coseismic fault slip distribution revealed that fault slip was largest at shallow depth underneath the ZR \[*Shen et al*., [2009](#jgrb51313-bib-0040){ref-type="ref"}; *Wang et al*., [2011](#jgrb51313-bib-0047){ref-type="ref"}\], suggesting that the fault was locked at shallow depth prior to the WE. Such a result does not seem to lend support to a fault zone model which is connected and lubricated at shallow depth by water saturation.

Moreover, among the previous studies, although the ΔCFS estimates on hypocenters were different, the projections of the ΔCFS increase in shallow part of the crust around the ZR were consistently large, on the order of tens to hundreds of kPa. *Wang et al*. \[[2014](#jgrb51313-bib-0048){ref-type="ref"}\], using GPS data as model constraints, estimated the tectonic stress loading rate on the LSF as of \~155 Pa/yr. The 69.1, 17.8, 9.3, and 4.7 kPa ΔCFS increases estimated at the depths of 1, 5, 8, and 12 km due to the ZR impoundment are therefore equivalent to \~446, \~115, \~60, and \~30 years of advancement of earthquake recurrence time at these depths, respectively. The ZR happened to be positioned on top of asperities on the LSF. In Figure [5](#jgrb51313-fig-0005){ref-type="fig"} we plot spatial distribution of \>2 m slip of the WE on the fault, resolved from geodetic data inversion by *Wang et al*. \[[2011](#jgrb51313-bib-0047){ref-type="ref"}\]. As shown in the figure, the region with significant increase of ΔCFS on the LSF embraces two asperities ruptured during the WE from middle to shallow depth, one is under the Yingxiu city and the other under the Hongkou town (Figure [5](#jgrb51313-fig-0005){ref-type="fig"}). The WE started near Yingxiu, and the hypocenter is underneath the Yingxiu asperity (Figures [5](#jgrb51313-fig-0005){ref-type="fig"} and [7](#jgrb51313-fig-0007){ref-type="fig"}). Slip of the Hongkou asperity peaked at \~7 m at surface and was measured as one of the largest slip regions for the entire WE rupture \[*Xu et al*., [2009](#jgrb51313-bib-0049){ref-type="ref"}\]. As we have discussed above, the most important impact of the impoundment of the ZR might be to have advanced these asperities toward failure. Once an asperity failed, it could trigger rupturing of other asperities on the LSF in a run‐away cascade style, as occurred during the WE \[*Shen et al*., [2009](#jgrb51313-bib-0040){ref-type="ref"}\]. Therefore, even the initial failure might not have been necessarily induced by the ZR, a small event at the deeper section of the fault could be triggering rupture of asperity at upper section of the fault, which was weakened by the impoundment of the ZR.

To further assess the triggering effects of the impoundment of the ZR, we analyze microseismic activities around the ZR during the period between the impoundment of the ZR and the occurrence of the WE. If the pore pressure changes due to the impoundment of the ZR did trigger, directly or indirectly, the WE, the same mechanism should also trigger local microseismic activities and show in their spatiotemporal evolution pattern.

A seismic network composed of seven short‐period seismometers was deployed in July 2004 (about 1 year before construction of the ZR) began to monitor microseismic activities around the ZR. The average spacing between neighboring stations is about 10 km (the network geometry is shown in Figure [1](#jgrb51313-fig-0001){ref-type="fig"}). Using the data from the ZR seismic network, combined with data recordings from a regional seismic network operated by the Sichuan Seismological Bureau (the site locations are also shown in Figure [1](#jgrb51313-fig-0001){ref-type="fig"}), *Ma et al*. \[[2011](#jgrb51313-bib-0036){ref-type="ref"}\] relocated the microearthquakes around the ZR using the double‐difference relocation algorithm. We adopt these data for seismicity analysis in this study.

We display the earthquakes relocated (*M* ≥ 0.1) in Figures [1](#jgrb51313-fig-0001){ref-type="fig"} and [8](#jgrb51313-fig-0008){ref-type="fig"}. Between September 2007 and February 2008, the earthquakes swarmed at two places, one is near the southwest end of the surface rupture of the WE and the other about 10 km northeast of the ZR. In a fault cross section, on the southwest side of the ZR, the microearthquakes illuminate the shallow part of the LSF (Figure [8](#jgrb51313-fig-0008){ref-type="fig"}). A swarm of microevents occurred about 8 km from and southeast of the ZR at 13--15 km depth, which may indicate a weak zone on the fault. The time period that most of the microevents occurred in the swam is around 2--2.5 years after the impoundment, suggesting that in this time period the pore pressure change may have diffused to and exerted triggering effects on local preexisting structures around the LSF.

![Spatial distribution of the microearthquakes observed in the ZR region between September 2004 and April 2008. Events are colored based on their time of occurrences. (a--c) The events in map view and in vertical cross sections along and perpendicular to fault strike, respectively. The red, dark red, blue, and light blue stars show locations of the USGS, Yang et al., CEA, and Chen et al. reported hypocenters and the beach ball the USGS focal mechanism solution, respectively.](JGRB-120-7033-g008){#jgrb51313-fig-0008}

For a close examination of time‐distance effect of pore pressure propagation, we divide the microearthquakes in groups by 6 month time segments before and after the impoundment of the ZR, sort the local earthquakes (within 20 km from the ZR) by their distances to the ZR in each time segment, and plot the cumulative histogram of the events as a function of the distance to the ZR (Figure [9](#jgrb51313-fig-0009){ref-type="fig"}). The slope of each cumulative histogram in Figure [9](#jgrb51313-fig-0009){ref-type="fig"} is then proportional to the earthquake occurrence rate at the time and distance, and a higher slope indicates greater seismicity per distance range (higher seismicity density). Consequently, the time‐distance evolution process of the earthquakes among different time periods would be highlighted by the evolution of prominent slopes on the curves of different time segments. Before impoundment of the ZR, for the two curves of B1 and B2 (0--0.5 years and 0.5--1 years since the start of data recording), the highest slopes are located within 5 to 10 km away from the ZR (indication of microseismicity in the vicinity of the LSF). After impoundment of the ZR, the highest slopes for the rest of the curves, which indicate the highest seismicity density region in each time segment, however, are progressively located at further distances. By the chronological order of the curves, the highest seismicity density region are located away from the ZR at 9.5--12 km for C1 (0--0.5 years), 13--15 km for C2 (0.5--1 years), 13--16 km for C3 (1--1.5 years), 14--17 km for C4 (1.5--2 years), and 15--20 km for C5 (2.5--2.7 years). Although the slope of C4 is dictated predominantly by an earthquake swarm located within the distance of 14--17 km from the ZR, the microseismic activities prior to the WE still shows a consistent pattern associated with the outward diffusion of pore pressure from the ZR.

![Cumulative histogram of earthquakes versus distance from the ZR. Colors of the curves denote the time ranges at 6 month intervals, except the black curve which represents data of the last 3 months prior to the WE. The stars denote the midpoints of the ranges with steepest slope (i.e., highest seismicity rate) of the curves. The figure shows gradual expansion of a high seismicity rate region from the ZR since its impoundment, a pattern consistent with pore pressure‐induced seismicity rate changes.](JGRB-120-7033-g009){#jgrb51313-fig-0009}

In summary, comparing to previous studies we have achieved the following: (a) used a fully coupled poroelastic model to do the FEM simulation; (b) systematically inspected parameter space such as hypocenter location, depth, and fault dip angle and examined how they affected the ΔCFS assessment result; (c) applied a more reasonable permeability model than most of the other models; (d) pointed out the possibility of indirect triggering due to significant unclamping in the upper part of the fault zone; and (e) demonstrated possible diffusive effect on seismicity by a unique illustration of the relationship of earthquakes versus space and time. We have reached the following conclusions: The impoundment of the ZR broke the balance of pore pressure in the region and formed a pore pressure front that slowly propagated through the crust with fluid diffusion, resulting in significant pore pressure increase for the shallow to middle depth (\>10 kPa within 10 km of depth) of the LSF underneath the ZR prior to the WE.At initial impoundment, the ΔCFS around the shallow part of the LSF was negative. With the pore pressure growth spreading from the ZR to the surrounding crust, the effective normal stress on nearby LSF reversed from negative to positive and grew outward with time, and the ΔCFS around the LSF region increased progressively. At the time prior to the WE, the ΔCFS increased significantly on a large area of the LSF underneath the ZR from shallow to middle depth (\~9.3--69.1 kPa increase in the depth range of 1--8 km), overlapping with the location of two asperities ruptured during the WE.The impoundment of ZR perhaps did not cause significant increase of the ΔCFS at the hypocenter of the WE, therefore might not have directly triggered the initial rupture of the quake. However, because the reservoir loading significantly increased the ΔCFS on the middle‐shallow depth of the LSF and advanced \~60--450 years of its earthquake recurrence time, a small event in the deeper part of the fault zone could trigger rupture of the asperities above, followed by cascade failure of asperities along the fault zone.The temporal evolution of the microseismicities around the ZR showed an expanding pattern from the ZR since its impoundment, which is consistent with the pattern of pore pressure diffusion due to the ZR, suggesting poroelastic triggering of the microseismic events, and significance of the ZR impoundment on loading the regional tectonic stress field prior to the WE.
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